The serum anion gap has been utilized to identify errors in the measurement of electrolytes, to detect paraproteins, and, most relevant to the nephrologist, to evaluate patients with suspected acid-base disorders. In regard to the latter purpose, traditionally an increased anion gap is identified when it exceeds the upper limit of normal for a particular clinical laboratory measurement. However, because there is a wide range of normal values (often 8-10 mEq/L), an increase in anion concentration can be present in the absence of an increased anion gap. In addition, the type of retained anion can affect the magnitude of the increase in anion gap relative to change in serum [HCO 3 2 ] being greater with lactic acidosis compared with ketoacidosis. This review examines the methods of calculation of the serum anion gap in textbooks and published literature, the effect of perturbations other than changes in acid-base balance, and its effectiveness in identifying mild and more severe disturbances in acidbase balance. Limitations of the present methods of determining the normal anion gap and change in the anion gap are highlighted. The possibility of identifying the baseline value for individuals to optimize the use of the calculation in the detection of metabolic acidosis is suggested.
Introduction
Calculation of the serum anion gap has been used to detect errors in the measurement of serum electrolytes in the clinical laboratory (1) , to detect paraproteins in blood (2) , and, most relevant for the nephrologist, to detect and evaluate metabolic acidosis (3) (4) (5) (6) . However, the value of the serum anion gap as a tool for these purposes is undermined by the fashion in which it is presently defined and utilized.
To further explore the use of the anion gap in evaluating metabolic acidosis, we examined the criteria utilized in textbooks, review articles, and case reports of acid-base disorders for the normal level of serum anion gap, for documentation of an increased anion gap, and for the detection of mixed metabolic acid-base disturbances. We then examined the literature concerning the sensitivity of the serum anion gap in detecting mild cases of metabolic acidosis and the effect of the nature of the retained acid on the change in the serum anion gap.
We conclude that the common definition of an abnormal gap as one that exceeds the upper limit of the normal anion gap or exceeds 2 SD above a specific mean value can lead to a failure to identify some cases of metabolic acidosis, to underestimate the severity of the acid load, and to misidentify complex acid-base disorders. In addition, the nature of the putative retained acid can have an important effect on the magnitude of the increase in the anion gap, and therefore should always be considered in the interpretation of acid-base data.
We suggest that identifying the baseline anion gap specific to a patient while incorporating adjustments for changes in the serum albumin concentration and serum potassium could improve the sensitivity of this calculation in the analysis of acid-base disorders. This task might require relatively frequent determinations of the anion gap even when the patient is healthy. Frequent sampling of electrolytes might be most costeffective in those at increased risk for developing metabolic acidosis, such as patients in the intensive care unit (ICU), individuals with diabetes, or individuals with CKD. Given its present status as a critical element in the analysis of acid-base disorders, a realistic appraisal of its limitations and the value of methods to improve its effectiveness seem warranted.
Materials and Methods
Information concerning the definition of serum anion gap, correction factor for serum albumin concentration, and most common methods of denoting an increase or decrease in its concentration were gleaned from examination of several data sources shown below.
Data Sources
Textbooks of medicine, nephrology, and critical care and databases including PubMed and Cochrane Database of Systematic Reviews were examined. In addition, other major sources such as UpToDate and MD Consult were examined. For textbooks, chapters concerning acid-base balance and disorders of acid-base balance were examined. For databases, we performed a systematic search using the following search terms: serum anion gap, delta anion gap, high anion gap metabolic acidosis, normal anion gap metabolic acidosis, mixed acidbase disturbances metabolic acidosis, metabolic alkalosis, mixed metabolic acid-base disturbances, lactic acidosis, ketoacidosis, toxic alcohols, and acetaminophen intoxication. Only articles in English published between 1970 and 2012 were examined. References of the retrieved literature were also manually reviewed to obtain additional relevant literature.
Definition and Characterization of the Normal Serum Anion Gap
The derivation of the serum anion gap has been described previously (3) (4) (5) (6) (7) . It is most frequently calculated from the sum of Cl 2 + HCO 3 2 subtracted from the serum Na + concentration. The major textbooks utilize this definition as do the majority of published papers. As originally conceived, serum K + was also included in the calculation, but serum K + is included in none of the major textbooks published in the United States and only in a minority of manuscripts. The rationale for omission is that the absolute change in its concentration observed clinically is small. However, including serum K + in the calculation could be useful when its concentration is substantially increased or decreased. For example, if serum K + increases from 3.5 mEq/L to 6.5 mEq/L, this would translate into an apparent 3 mEq/L change in the anion gap if it were calculated without K + . Table 1 summarizes the definition for the normal anion gap obtained from major textbooks or clinical medical websites including UpToDate and MD Consult (8) (9) (10) (11) (12) (13) (14) (15) . In these sources, an approximate value, or mean 6 SD, and/ or range of normal values as perceived by the author(s) are listed. Table 2 shows the mean and range of values for the serum anion gap based on data obtained from different clinical laboratories and reported in the literature. Variation in the mean and range of values among the studies reflect different methods of measuring the constituents: the values determined using either a continuous flow analyzer or ion-selective electrode (4, (16) (17) (18) (19) (20) . Two facts stand out, particularly in the studies from the literature. First, whatever the methodology utilized, the range of the normal anion gap in a population can span as much as 8-10 mEq/L. Second, the mean value for the serum anion gap is less when ion-selective electrodes are utilized, primarily due to higher reported chloride concentrations. Therefore, to utilize the serum anion gap properly, it is essential that the clinician know the mean value and range of normal for his or her clinical laboratory.
Because serum albumin constitutes a large proportion of the unmeasured anions, a reduction or increment in serum albumin concentration can alter the serum anion gap. Surprisingly, it is only within the last 13 years that a correction factor has been developed that can be introduced into clinical practice. These studies revealed that the anion gap is reduced by 2.3-2.5 mEq/L per gram of fall in serum albumin concentration, whereas it is increased to a similar degree with a rise in serum albumin concentration (21, 22) .
Although not routinely included in the correction, the multiplication factor will be affected by changes in blood pH, which alters the charge on circulating albumin (23) . The corrected anion gap can be calculated using the so-called The use of this equation has improved the sensitivity of the anion gap in detecting hyperlactatemia (see below). Although clinicians must make the correction for changes in serum albumin concentration, routine incorporation of the correction factor into the reporting of the anion gap by the clinical laboratory would ensure that the corrected value is always utilized by the clinician.
Recognition of an Increase in the Serum Anion Gap
Once the range of the serum anion gap for a specific clinical laboratory has been identified and corrected for serum albumin, the clinician must determine if the anion gap is elevated. Most commonly, this is done by showing that the particular anion gap exceeds the upper range of normal for the clinical laboratory. On the other hand, some clinicians arbitrarily use the mean value for the anion gap from the clinical laboratory as the putative baseline. Assuming that the SDs of the data are not listed, any anion gap above the mean value is considered an elevated anion gap. However, if the SD is listed, then only values that exceed the mean by 2 SD would be considered abnormal. Table 3 summarizes five studies representing .1200 patients in which the sensitivity of the anion gap and/or corrected anion gap in detecting hyperlactatemia was examined. In all studies, an increased anion gap was denoted when it exceeded the upper range of normal, either 12 or 16 mEq/L. In the first study, 43% of 56 patients with a serum lactate between 2.5 and 4.9 mmol/L and 50% of them with serum lactate between 5 and 9.9 mmol/L had a normal serum anion gap (,12 mEq/L) (25) . Similarly, in 272 consecutive patients seen in the emergency department in whom serum lactate and anion gaps were obtained simultaneously, only 58% of those with a serum lactate .2.5 mmol/L had an anion gap outside the normal range (26) . These findings were confirmed in another study of 47 patients in a single ICU. Only 44% of 47 patients with serum lactate .2.5 mmol/L had an elevated anion gap (27) . Correction of the anion gap for serum albumin improved the sensitivity of the anion gap in detecting mild hyperlactatemia to 75% (28) in one and 94% in the other (29) .
The failure of the uncorrected or corrected serum anion gap to identify all patients with lactic acidosis, particularly when mild, is not surprising given the wide range of normal values, (a span of 8-10 mEq/L from lowest to highest values). Patients with an anion gap at the lower limit of the normal range will require an increment $8 mEq/L to exceed the normal range. As a result, a mild high anion gap metabolic acidosis might not be apparent to the clinician. Although not studied to the same extent, the same considerations would logically apply to other types of high anion metabolic acidosis such as ketoacidosis, toxic alcohols, salicylate intoxication, and uremic acidosis.
Two hypothetical patients illustrating the effect of the baseline anion gap on recognition of a high anion gap acidosis are shown in Table 4 . In the first patient, the baseline anion gap of 3 mEq/L was at the lower limit of the normal range. The patient developed sepsis and serum lactate rose from 1 mmol/L to 2.5 mmol/L, a value abnormal for the laboratory. However, the serum anion gap rose from 3 to only 6 mEq/L, and thus remained within the normal range. With worsening of lactic acidosis, the serum lactate concentration rose to 6 mmol/L; however, the subsequent serum anion gap of 9 mEq/L still remained within the normal range for the laboratory. It is only when the lactate concentration rose to .8 mmol/L that the serum anion gap was outside the normal range. Therefore, a clinically significant lactic acidosis that was not heralded by an increased serum anion gap was present during hospitalization. Clearly, recognition of the lactic acidosis early in its course would provide the best conditions for its management. A similar scenario could hold for ketoacidosis or toxic alcohol exposure, two other situations in which early recognition of the disorder can improve the effectiveness of treatment.
Conversely, patient 2 had a baseline serum anion gap of 10 mEq/L, a value at the upper range of normal. An increase in the lactate level of 2.5 mEq/L immediately caused the serum anion gap to rise outside the normal range. Of course, as explained in the text, the DAG/DHCO 3 2 often exceeds 1:1 with lactic acidosis. The hypothetical patients shown in the table are meant to emphasize the point that in some cases a relatively high serum lactate concentration will need to be present to cause the anion gap to rise outside the normal range. DAG, change in anion gap This situation becomes even more complicated because of the nature of the relationship between the increase in anion gap (DAG) and the fall in serum bicarbonate concentration (D [HCO 3 2 ]). As described below, the increase in the anion gap associated with lactic acidosis can exceed the fall in serum bicarbonate by as much as 1.8-fold. If so, a significant increase in the anion gap can be present in the absence of a perceptible fall in serum bicarbonate concentration. Were the increase in the anion gap to be a mere 2.5 mEq/L, the reduction in serum bicarbonate concentration might be close to 1 mEq/L. Because the normal range of bicarbonate can be from 24 to 29 mEq/L, a fall in bicarbonate might not even be detected.
On the other hand, the serum anion gap can be elevated to a greater degree than the rise in the measured concentration of the causative organic acid anion. Studies of patients with organic acidosis including lactic acidosis have demonstrated that the measured organic anion often can account for at most 76% of the increased anion gap (30) . Similarly, in patients with documented lactic acidosis and sepsis, unmeasured anions, other than lactate, account for the bulk of the increment in the anion gap (31) . Moreover, in reported cases of patients with the highest reported anion gaps $40 mEq/L, the cause of the increment in the anion gap was multifactorial and included contributions from changes in other moieties besides the identified organic acid anion (32) .
The failure to detect an elevated serum anion gap in all patients with significant increments in blood lactate concentration represents an important limitation of the serum anion gap as a screening tool. Indeed, although many clinicians require a serum lactate $5 mmol/L for the diagnosis of lactic acidosis, others utilize values as low as 2.5-4 mmol/L because lactate concentration of this magnitude are associated with an increase in mortality (33) . These observations indicate that the anion gap is a relatively insensitive indicator of the presence of lactic acidosis and has limited usefulness for monitoring its course. Thus, a direct measurement of lactate is essential for detecting suspected lactic acidosis and monitoring patients with lactic acidosis. Although it has not been studied to the same degree, similar concerns might apply to patients with other types of high anion gap acidosis.
Methods to Improve the Sensitivity of the Anion Gap
As shown above, correction of the serum anion gap for the prevailing serum albumin concentration improves the sensitivity of this calculation for assessing lactic acidosis, and presumably other forms of high anion gap metabolic acidosis. Utilizing the mean for the clinical laboratory as the baseline value should also reduce the magnitude of any error in estimating the change in the anion gap. However, using a baseline serum anion gap that is corrected for serum albumin concentration and specific to the individual would be the most accurate method of evaluating changes in the serum anion gap with acid-base disorders. To do this would require measurement of the anion gap when the individual is healthy and without acid-base disorders. This could be accomplished, in part, by ensuring that an anion gap panel is obtained every time chemistries are measured in patients.
In this regard, in a recent study, the value of the change in the anion gap (obtained from the difference between that obtained upon admission to a critical care unit and the prehospital value) in predicting clinical outcome was examined in .18,000 patients admitted to two ICUs over a 10-year period (20) . In instances in which .1 preadmission value was available, the average was utilized. A correlation between the magnitude of the increase in anion gap and clinical outcome was observed: the higher the increase in anion gap, the worse the outcome. This relationship held even when the anion gap was within the normal range for the hospital's clinical laboratory.
This approach still had limitations in identifying the magnitude of the change in lactate concentration. There were 973 individuals who had a serum lactate between 2 and 5 mmol/L. Of these, 343 individuals (35%) had no detectable increase in the anion gap. Moreover, even in the 409 individuals who had a serum lactate concentration .5 mmol/L, 71 (17%) had no detectable change in the anion gap and 109 (27%) had a change in the anion gap between 0 and 5 mEq/L. Fifty-six percent of individuals with lactic levels .5 had anion gaps that increased by .5.
This study raised questions about the sensitivity of even using a "personalized" anion gap to detect lactic acidosis. Nevertheless, this was a single observational study designed to determine the association between altered anion gap and prognosis, and large-scale studies whose intent would be to test the benefits of identifying the baseline anion gap in the recognition of a high anion gap metabolic acidosis are needed.
Given the emphasis on cost containment, one could argue that routine anion gap measurements to determine baseline levels would not be cost-effective in all individuals. However, one could a priori choose certain groups at high risk for development of high anion gap acidosis, such as patients with diabetes, history of alcoholism, kidney disease, severe cardiac disease, or hypotension, and patients admitted to the ICU or treated with metformin or various antiretroviral agents.
It should be recognized that variation from day to day in determination of the individual constituents of the anion gap could still introduce some error into the identification of a unique baseline anion gap. Averaging several baseline values to account for this variability should reduce the magnitude of any error, however.
The Effect of the Type of Retained Acid on the Serum Anion Gap
The accumulation of acids in the extracellular fluid can theoretically be estimated by examining the increment in the serum anion gap. The change in the serum anion gap, termed the D anion gap (DAG), has been held to be matched by an equivalent reduction in serum [HCO 3 2 ] (D [HCO 3 2 ]), i.e., the DAG/(D [HCO 3 2 ] ) is 1:1 (3). This has been based on the assumption that because protons accumulate with added anions, the serum [HCO 3 2 ] should decrease by a quantity exactly equal to the increase in the anion gap (i.e., DAG) (6). On the basis of this perceived change, one could estimate the magnitude of the acid load and also recognize the coexistence of any additional metabolic acid-base disturbances. If the DAG exceeded the D [HCO 3 2 ], it was concluded that a concurrent disorder (metabolic alkalosis) was maintaining a higher [HCO 3 2 ] than would be expected for the elevation in anion gap (6) . Conversely, if the D [HCO 3 2 ] exceeded the DAG, then a coexisting normal anion gap metabolic acidosis was perceived to be present. Indeed, in a comprehensive analysis, the D [HCO 3 2 ] was compared with the DAG in 22 randomly selected studies comprising 42 patients who had either lactic acidosis or ketoacidosis (34) . The ratio of D [HCO 3 ]/DAG in patients with either disorder was 0.98%60.06%, a value virtually indistinguishable from 1:1.
However, examination of the processes affecting the anion gap have suggested that this analysis is too simplistic and the stoichiometry between the D [HCO 3 2 ] and DAG might depend on the interplay of several factors, including the distribution of the anions and protons between the extracellular fluid and cellular compartments, changes in the renal generation of HCO 3 2 and urinary excretion of anions, or possible changes in the valence of retained anions (35) (36) (37) (38) (39) . Furthermore, these factors will be influenced by the nature of the retained organic acid anion, time after development of the acidosis, level of glomerular and tubular function, and volume status, to name a few (35) (36) (37) (38) (39) .
Thus, there will be an equivalent reciprocal change in the serum [HCO 3 2 ] and anion gap immediately after retention of acid in the blood. However, some of the protons will enter cells as time passes . If they are accompanied by the accumulating anion, the relationship between anion gap and serum [HCO 3 2 ] will be unchanged. However, if there is a disparity between the rates of entry of protons and the anion (i.e., the space of distribution of each), this 1:1 relationship will be altered. Indeed, in nephrectomized rats given an infusion of lactic acid or sulfuric acid the DAG/ (D [HCO 3 2 ]) exceeded 1:1 and was as high as 1.8:1 with lactic acid (35) . This was explained by different volumes of distribution of the anion and protons, and a reduction in serum chloride resulting from its dilution by Na + and water exiting cells during the buffering process.
Subsequently, the filtered anions are excreted accompanied by NH 4 + (resulting in HCO 3 2 generation) and/or by Na + and K + . If urinary anion excretion exceeds the generation of HCO 3 2 , the ratio of the DAG to DHCO 3 2 will fall. In studies in humans, the DAG/(D [HCO 3 2 ]) was 1:1 with ketoacidosis, but averaged 1.5 with lactic acidosis (36) . The differences between the ratios with ketoacidosis compared with lactic acidosis were attributed, in part, to the large fractional excretion of ketones (45.8%63.1%) with Na + and the low fractional excretion of lactate with Na + (4.7%60.3%) (36, 37) . The effect on the DAG/(D [HCO 3 2 ]) of the accumulation of other organic acid anions in the body fluids and their urinary excretion, such as the metabolites of methanol, has not been examined but remains of interest.
In summary, the calculation of the serum anion gap has been a useful tool in the evaluation of metabolic acidosis. It has been most useful for suspecting the presence of retained acids that could have an effect on clinical outcome and for detecting mixed metabolic acid-base disorders. Detection of an elevated anion gap, however defined, should certainly trigger an evaluation for conditions that cause its elevation. However, there are important limitations that need to be addressed to improve its effectiveness as a tool for this purpose. Correction of the anion gap for the prevailing serum albumin concentration should be an integral component of laboratory reporting of the anion gap, rather than depending on the clinician to make the correction. Of course this might require more frequent determinations of serum albumin concentration. Inclusion of the serum K + in the calculation of the anion gap should also be considered when serum K + is substantially altered. Identification of the unique baseline for each patient might facilitate recognition of early or mild cases of metabolic acidosis. To the extent that early identification is valuable in reducing complications and mortality of these disorders, establishing approaches to recognize mild changes in the anion gap should be a high priority. Acknowledging the limitations of the current uses of the anion gap and incorporating measures to improve its effectiveness will make the anion gap a more practical tool in the evaluation of acidbase disorders.
